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Satellite Imagery Proves Essential 
for Monitoring Erupting 
Aleutian Volcano 
PAGES 241,246-247 
Mt. Cleveland is one of more than 40 active 
volcanoes in Alaska that is monitored by 
the Alaska Volcano Observatory (AVO).It is 
located on the western half of Chuginadak, 
a remote and uninhabited island in the 
east central Aleutians that lies 1526 km south­
west of Anchorage. The closest inhabited 
community, Nikolski, is 75 km to the east on 
Umnak Island (Figure 1). 
Mt. Cleveland erupted explosively on 19 
February and on 11 and 19 March 2001. 
Because the volcano is not yet monitored 
with seismic, deformation, or other geophysi­
cal instruments, satellite imagery was the only 
effective tool for detecting and monitoring 
this activity. Eruption clouds and elevated sur­
face temperatures were detected on multiple 
satellite data sets.The largest eruption was 
in February. This first eruption cloud and the 
subsequent wave of ash (Figure 1) that drifted 
across Alaska extended up to flight levels and 
prompted cancellation and re-routing of air 
traffic throughout the North Pacific region 
on 19 and 20 February. 
AVO made observations during and after 
these three eruptions using National Oceanic 
and Atmospheric Administration (NOAA) 
satellite data that permitted effective monitoring 
and hazard mitigation, despite the fact that 
ground-based geophysical instruments were 
not available. The Mt. Cleveland event provides 
an important case study of eruption detection 
and plume tracking methods, characterization 
of the ash cloud, and weather pattern effects 
at a remote location. 
Satellite Monitoring 
Volcanoes in Alaska are monitored in real 
or near real-time using satellite [Schneider et al., 
2000; Dean et al., 1998] or seismic techniques. 
Often, observers on the ground and pilots 
report anomalous activity In the Alaska 
region, approximately half of the volcanoes 
are monitored using seismic techniques, and 
all surface temperatures and airborne plumes 
are monitored using satellite techniques. 
Satellite systems routinely used by AVO 
for daily, real-time monitoring include the 
NOAA Advanced Very High Resolution 
Radiometer (AVHRR) and the Geostationary 
Operational Environmental Satellite (GOES). 
Both of these data sets include visible and 
thermal infrared wavelength images. AVHRR 
data, recorded from a polar orbiting satellite, 
has a 1.1-km spatial resolution at nadir. 
AVHRR records approximately 10 images 
of any one volcano every 24 hours due to 
overlapping data from successive orbits at 
high latitudes.These images are not collected 
at regular intervals, but instead tend to come 
in two batches a day over several hours. The 
frequency of coverage decreases for regions 
well to the east and west of the receiving 
station at Fairbanks. 
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Fig. 1. This time-sequential satellite image shows the position of the eruption cloud from Mt. 
Cleveland over a 3-day period, 19-21 February 2001. Each ash cloud was observed on a single 
GOES-10 satellite image recorded at a single time step. Thirteen images recorded at consecutive 
time steps using the split-window technique were used to form this composite. The first image, 
1615 UTC on 19/2/01, was taken approximately 2 hours after the initial eruption start time. 
Image noise has been removed for clarity. (Image created by K. Papp.) Original color image 
appears at the back of this volume. 
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Fig. 2. This oblique aerial photograph of snouxovered Mt. Cleveland was taken 2 February 2001. 
A lobate-shaped deposit can be seen flowing down the flank of the volcano and steaming at the 
summit. A thermal anomaly was detected on two AVHRR images on 4 February, two days after 
this. (Photo courtesy of Dean Cully) 
The GOES satellite is located over the equator 
and records data every 0.25 to 0.5 hour, depend­
ing upon wavelength, with approximately 1-km 
(visible bands) and 4-km (thermal bands) 
spatial resolution at the equator. However, 
because of the GOES position, it looks obliquely 
at polar regions.Thus, its spatial resolution is 
approximately 4 km and 8 km, respectively at the 
60° N latitude of Mt.Cleveland.These data are 
only able to reveal intermediate-to-large eruption 
clouds or large, hot surfaces at this latitude. 
Air Traffic Has the Largest Risk 
The volcanoes in the North Pacific region 
produce an average of one to two eruptions 
annually that result in ash clouds 9 km or 
higher, and some lesser forms of activity are 
detected in seismic and satellite data regularly. 
These volcanoes are remote, and surrounding 
regions are lightly populated.The gravest danger 
from these volcanoes is to local and global 
air traffic. Local communities depend on air­
craft to provide daily supplies, and planes are 
often the only regularly scheduled mode of 
transportation to and from the communities. 
In addition, the North Pacific region is one of 
the busiest global air transportation corridors 
in the world, with approximately 200 passenger 
and cargo flights daily. These large jets fly at 
altitudes of 9-12 km, where 25 h is often located 
during eruptions.Volcanic ash can seriously 
damage the aircraft [Miller and Casadevall,2000]. 
In the case of the 19 February eruption of 
Mt. Cleveland, a number of intra-state flights in 
western and southern Alaska were cancelled. 
Westbound and eastbound trans-Pacific flights 
were directed well north and south of Mt. 
Cleveland. On 20 February there was increased 
traffic on the more northerly Russian routes, 
presumably to avoid the projected track of 
the ash cloud that was drifting across Alaska. 
We are not aware of any damaging encounters 
reported to aviation authorities, although sev­
eral pilots at locations well south and south­
east of the volcano mentioned smelling sulfur. 
Except for local air traffic, the March eruptions 
caused relatively minor disruptions compared 
to the February event, due to the limited area 
affected by the ash cloud.The FAA restricted 
air traffic within 30 km of Mt. Cleveland 
through the end of May, due to concern for 
additional explosive events that may have 
been preceded by little or no warning. 
The Mt. Cleveland Volcano 
Mt. Cleveland is a distinctively conical, 
young stratovolcano, 1730 m high with steep 
slopes. At sea level, the base of the cone is 
approximately 8 km across, suggesting a vol­
canic cone volume above sea level of about 
29 km 3.The cone is completely undissected, 
suggesting that much of the exposed volcano 
is Holocene in age. 
Mt. Cleveland has erupted 11 times since 
1893 [Miller et al., 1998] .These eruptions have 
been characterized by short-lived explosive 
bursts of ash that are at times accompanied 
by lava fountaining and lava flows. Prior to the 
2001 eruption, the most recent activity was a 
short-lived ash plume that rose to an altitude 
of approximately 10 km on 25 May 1994 [Neal 
etal.,m$] 
As previously noted, Mt. Cleveland is not yet 
monitored with seismic or other geophysical 
instruments, and no geologic mapping or 
chemical analyses of lava and pyroclastic 
deposits presently exist. Aerial photographs 
show many young, leveed lava flows and 
debris fans with varying types of vegetative 
cover forming essentially a continuous apron 
around the cone. 
Eruption Chronology 
The first indication to AVO of activity at Mt. 
Cleveland was the 19 February eruption. How­
ever, after the eruption, AVO received reports 
indicating that precursory activity had taken 
place. Most graphic was a photograph taken 
on 2 February by a pilot flying by the volcano 
showing a dark, lobate deposit on the snow-
covered southwest flank and robust steaming 
from the summit crater (Figure 2). During this 
same period, residents of Nikolski observed 
steaming at the summit and snowmelt on the 
flanks of the cone. 
On 19 February, Mt. Cleveland erupted explo­
sively at approximately 1430 UT. Pilot reports 
indicate that the altitude of the plume 
increased with time from 7.5 km a few hours 
after the start of the eruption, and up to 12 km 
eight hours later.The eruption cloud and a 
thermal anomaly were detected on AVHRR 
satellite data at 1655 UTC.The plume was 
complex and extended in two directions, 40 
km northwest and 60 km southeast of the 
volcano.The northwest portion of the cloud 
was at 8 km and the southeast portion was at 
5 km altitude based on cloud/atmospheric 
temperature correlations. Also, wind field data 
indicated a shear at approximately 6 km, 
which caused the bi-directional flow of the 
plume.The southeast portion of the cloud had 
a strong ash signal that was detected using 
the split-window technique (subtraction of 
two thermal infrared bands of data, AVHRR B4 
minus B5; Prata [1989]), but the northwest 
portion was not detected at this time due to 
its high opacity Satellite analysis suggests that 
ash production was more or less continuous 
for approximately 8 hours. 
The volcano erupted into an atmospheric 
deformation zone formed by a low-pressure 
system to the south and east, and a front moving 
to the north. As a result, the ash cloud became 
an elongated arc moving to the northeast over 
the Alaska Peninsula and across the Alaska 
mainland. It was easily detected for 48 hours on 
time sequential GOES data processed using the 
split-window technique (Figure l).By 21 Febru­
ary (0300 UT),35 hours after the eruption, the 
ash cloud was over 1000 km long and extended 
from Cook Inlet, Alaska, to Chukotsk Peninsula, 
Russia. Eventually this long, arcing cloud split 
into three segments that drifted north over the 
Arctic Ocean, over Fairbanks near the center of 
the state, and south into the Gulf of Alaska. After 
21 February 1930 UT,the Fairbanks and Gulf of 
Alaska segments were pulled into a low pressure 
system in the southern Gulf of Alaska and 
became too diffuse or masked by weather 
clouds to be detected in the GOES data. 
Mt. Cleveland erupted again on 11 March 
(Figure 3).This explosive eruption lasted 3 
hours (1400 to 1700 UT) based on satellite 
observations, with an estimated cloud height 
of 8 km. AVHRR split-window satellite data 
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Fig. 3. This Landsat-7 Enhanced Thematic Mapper satellite image of the 11 March eruption ofMt. 
Cleveland shows a hot deposit on the west flank of the volcano (yellow and orange), the plume 
blowing to the northeast, and snow (blue) on the south and southeast flanks of the volcano. The 
image is a color composite using the infrared bands in the following channels: B - 7 = red; B - 5 = 
green, and B-4 = blue. Original color image appears at the back of this volume. 
showed ash in two regions 250 km and 400 
km east of Mt. Cleveland.These clouds drifted 
northeast over 1,000 km until they fell below 
detection thresholds near Kodiak Island 
about 42 hours later on 13 March. 
The 19 March eruption lasted up to 6 hours 
(2330-0530 UT),with an estimated cloud 
height of up to 9 km according to the National 
Weather Service. AVHRR data at 0330 UTC 
showed a fan-shaped volcanic cloud with the 
apex at the volcano and facing southeast. The 
plume was still attached at this time. A strong 
ash signal was detected in the northern leg 
of the cloud in the AVHRR split-window data. 
At the time of the image, the cloud extended 
approximately 200 km from the volcano. Southl­
and east-drifting ash clouds were detected in 
GOES split-window images for about 9 hours. 
An observer in Nikolski reported a strong haze, 
but no ash fall was observed in the town. 
Throughout March and April, elevated surface 
temperatures and low altitude ash clouds 
were periodically observed on satellite data. 
Ground and air observers noticed minor ash 
clouds over the volcano during the same period. 
Elevated Surface Temperatures 
Elevated surface temperatures have been 
observed at volcanoes prior to explosive 
eruptions, and hence, they may be useful as 
precursory signals [Dehn et al., 2000]. Post-
eruption analysis of AVHRR data at 1620 and 
1728 UTC revealed a possible increase in sur­
face temperature on 4 February at the summit 
of Mt.Cleveland.This weak signal in nighttime 
AVHRR Band 3 data (3.55-3.93 urn), was 
11-12°C above background, which can be 
difficult to detect during routine monitoring. 
The pilot report 2 days earlier of a fresh deposit 
on the flank of the volcano (Figure 2) added 
some credence to the possible elevated tem­
perature observation. No other increases in 
surface temperatures were observed in these 
data until the 19 February eruption.The lack 
of additional observed thermal anomalies 
during this period can be attributed to exten­
sive cloud cover. If the activity were low-level 
strombolian, which is episodic, then the satel­
lite pass would have to coincide with an event 
to record a signal.This, combined with the cloud 
cover, would have a low probability of record­
ing many thermal anomalies in this situation. 
A large thermal anomaly at the summit 
was detected in AVHRR data at the time of 
the first explosive eruption on 19 February 
Within a few days, the thermal anomaly 
extended down the west flank of the volcano 
to the coast, forming a delta (Figure 4). 
Surface temperature and size of the thermal 
anomaly decreased and were not observed 
after approximately 1 week. 
Thermal anomalies were observed during 
or shortly after the second and third explosive 
eruptions on 11 and 19 March. A Landsat 7 
satellite image (Figure 3), which has a 30-m 
spatial resolution, recorded the 11 March 
eruption, also showing a narrow thermal 
anomaly extending down the west flank of 
the volcano from the summit to its base. For 
over a month following this eruption, thermal 
anomalies were observed almost daily in the 
AVHRR data. On 12 March, elevated tempera­
tures were detected on AVHRR data in two 
non-adjacent areas: at the summit and down 
the west flank.The size and temperature of 
thermal anomalies decreased within a few 
days of these eruptions, ruling out a second 
vent at the source. 
Field observations in September 2001 
revealed the source of the thermal anomalies 
detected on the satellite data as an a'a lava 
flow and volcanoclastic debris-flow deposits 
on the west flank of the volcano. 
Seismic Observations 
The nearest permanent seismometers to 
Mt. Cleveland are located -230 km east, at 
Makushin volcano.These sensors recorded 
probable volcanic tremor during each of the 
three eruptions, as did individual seismome­
ters from other networks located even farther 
east, such as one at Akutan volcano, -300 km 
away, and Westdahl volcano, -400 km away 
The signal appeared on spectrograms as a 
narrow band, 0.54 Hz, strongest at 2 Hz, on 
stations with 1-Hz vertical component; and 
at slightly higher frequencies of -6 Hz on the 
one station with a 2-Hz three-component seis­
mometer. The tremor exceeded 8 hours for 
the 19 February and 11 March eruptions.The 
19 March eruption lasted for only 2 hours, but 
began several hours after the first ash cloud 
was detected on satellite data. Tremor was 
intermittent rather than continuous in all 
three cases. Amplitudes were converted to 
reduced displacement, a normalized measure 
of tremor, and found to be as high as 27 cm 2— 
a value consistent with eruptions elsewhere 
of similar size (Volcanic Explosivity Index = 3 
based on plume height, McNutt [1996]). 
Ash Fall 
Despite the extensive area traversed by the 
February plume, ash fall was observed only 
at Nikolski over a period of approximately 
5 hours on 19 February. Residents reported 
that the ash fall occurred under a hazy sky 
and consisted of a very light dusting of fine­
grained material. School children in Nikolski 
were given paper masks to wear home and 
residents were advised to stay indoors. No 
injuries or health impacts have been reported; 
one resident noted that breathing outside 
without a mask 'made you want to cough.' 
A sample from Nikolski shows that the ash is 
composed of glass shards, crystals, and lithics. 
The median grain size is 54 urn, well-sorted, 
and contains 70.4% fines (ash < 63 urn). Glass 
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Fig. 4. The thermal anomaly observed on AVHRR data on 22 February (top) is draped over a 
digital elevation model. The hot ground extends from the summit to the ocean. An aerial 
photograph (bottom) was recorded a day earlier than the satellite image and shows that the 
source of the hot ground is a hot clastic flow in a narrow channel ending at a newly-formed 
delta. Steam can also be seen blowing off of the deposits. Each pixel in the top image is approxi­
mately lxl km. (Photo by Burke Mees.) 
shards made up more than 90% of the deposit. 
The glass is dacitic and has a magmatic 
morphology rather than phreatomagmatic. 
Crystals are plagioclase (dominant phase), 
orthopyroxene, clinopyroxene, and Ti-magnetite. 
Lithics are mainly vesicular scoria (PIzbekov, 
B. Browne, J. Gardner, unpublished data, 2001). 
Tracking Model Predictions 
The Puff dispersion model [Searcy et al, 
1998] was used to predict the shape and posi­
tion of the Mt. Cleveland eruption clouds to 
assist in the analysis of satellite data, primarily 
in the area of estimating cloud height based 
on wind shear. This and other dispersion mod­
els rely on three-dimensional gridded wind 
fields for regional or global predictions.The 
accuracy of these models is controlled by 
the accuracy of the forecast wind data and 
evaluated by comparing the simulations to 
satellite images of eruption clouds [Searcy et 
al, 1998].Satellite data are critical to simula­
tions, since the type and accuracy of input 
information and wind fields vary with each 
eruption and will affect the results. 
Puff accurately predicted the first day's arc 
of ash drifting to the northeast across Alaska 
from the 19 February eruption as seen on the 
GOES satellite images (Figure l).It predicted 
the expansion of the arc of ash to the north­
west and southeast that was caused by a 
wind shear at approximately 5 km altitude 
during the first few hours of the eruption. 
Puff correctly predicted the time of ash fall 
over Nikolski. After the first 10 hours of the 
eruption, the simulation showed that the arc 
of ash would continue to drift to the northeast 
and that the length of the arc would continue 
to expand to the northwest and southeast. The 
model gave no indication that the ash cloud 
would segment into three parts as observed 
in the GOES data on the second day; however, 
that segmentation may be the result of the 
inherent ash detection limits of the split-
window technique. 
For the 11 March eruption, Puff predicted a 
v-shaped cloud with its apex at Mt. Cleveland 
and open to the northeast.The shape of this 
cloud was due to a wind shear at approximately 
8 km altitude with the northern leg of the 
simulation above 8 km and the southern leg 
below 8 km. Satellite data detected only the 
southern leg of the plume, indicating that plume 
height was below 8 km. Satellite-derived plume 
temperatures, when compared to atmosphere 
temperature profiles, indicated 7 km altitude, 
which is close to the model prediction. Also, 
the satellite data showed the plume drifting 
to the northeast, as predicted by Puff. 
For the 19 March eruption, Puff predicted 
that the plume would initially drift southeast 
at all elevations and would turn south approxi­
mately 5 hours into the eruption.The Puff tra­
jectory predictions in general agree with the 
AVHRR and GOES satellite observations, but 
the model failed to predict the east-southeast 
portion of the ash cloud.There were differences 
in the accuracy of the 19 March predictions, 
depending upon the wind fields used. 
Automated Ash Detection/Alarm 
In response to the Mt. Cleveland eruption, an 
automated ash detection algorithm based on 
the split-window technique was developed to 
augment the manual analyses conducted by 
AVO staff. The alarm utilizes GOES data that is 
automatically received every 15 minutes by 
AVO.The three major ash plumes at Cleveland 
were easily observed in GOES data by using 
the split-window algorithm.The simple alarm 
automatically subsections a 40 x 40 km area 
of the GOES data centered on Mt. Cleveland, 
filters the data to reduce noise, and subtracts 
the two long, thermal infrared bands. It then 
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alerts AVO staff via beeper and e-mail if a 
single pixel in one image has a split-window 
signal less than —1.4. 
Though preliminary, this empirical threshold 
was able to detect ash in the first image in 
which it was visible to an analyst, and it pro­
duced very few false alarms.The threshold 
is critical for balancing the actual ash event 
detections with false alarms. Because the 
threshold has derived from empirical observa­
tions, it should be noted that the value used 
for the Cleveland events would not necessarily 
have widespread applicability worldwide. 
Although it is still under development, the 
new alarm will be implemented whenever 
a new volcanic crisis arises in the region, 
hopefully allowing unexpected significant ash 
emissions to be automatically detected within 
approximately 30 min of their occurrence. 
Though the split-window technique does not 
detect volcanic ash in all instances [Simpson 
et al, 2000], most ash plumes in this region 
have shown a detectable signal in satellite 
imagery during the course of their development. 
Satellite remote sensing was a very 
effective tool for detecting and monitoring 
the recent eruptions of Mt. Cleveland, and 
it was the only source of information avail­
able for hazard mitigation.The event provided 
an important case study of eruption detec­
tion and plume tracking methods, character­
istics of the ash cloud, and weather pattern 
effects at a remote location. 
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RIDGE 2000 Begins a New Decade of Mid-ocean Ridge Research 
PAGE 242 
RIDGE 2000 is a new research initiative 
sponsored by the National Science Foundation 
(NSF) to understand Earth's spreading ridge 
system as an integrated whole—from its 
inception in the mantle, to its manifestations 
in the biosphere and water column. RIDGE 
2000 is at the beginning of an anticipated 
12-year program. Although its goals have been 
defined, there are exciting opportunities for 
investigators to help lay out the details of the pro­
gram and to carry out projects. 
The science plan for RIDGE 2000 aims at a com 
prehensive understanding of the relationships 
among the biological, geological, and chemical 
processes associated with plate spreading at mid-
ocean ridges (Figure 1). This whole-system 
approach is integral to understanding how 
sea-floor and sub-surface ecosystems are sus­
tained by crustal accretion processes. In order to 
understand the complex 4-D processes involved 
Fig. 1. Schematic cross-section of a mid-ocean 
ridge with some of the components that are 
the focus of RIDGE 2000 research noted. (Fig­
ure courtesy of Paul Oberlander, Woods Hole 
Oceanographic Institution.) Original color 
image appears at the back of this volume. 
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Fig. 3. This Landsat-7 Enhanced Thematic Mapper satellite image of the 11 March eruption ofMt. 
Cleveland shows a hot deposit on the west flank of the volcano (yellow and orange), the plume 
blowing to the northeast, and snow (blue) on the south and southeast flanks of the volcano. The 
image is a color composite using the infrared bands in the following channels: B - 7 = red; B - 5 = 
green, and B - 4 = blue. 
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Fig. 1. This time-sequential satellite image shows the position of the eruption cloud from Ml 
Cleveland over a 3-day period, 19-21 February 2001. Each ash cloud was observed on a single 
GOES-10 satellite image recorded at a single time step. Thirteen images recorded at consecutive 
time steps using the split-window technique were used to form this composite. The first image, 
1615 UTC on 19/2/01, was taken approximately 2 hours after the initial eruption start time. 
Image noise has been removed for clarity. (Image created by K. Papp.) 
